WNT5a is a mainly "non-canonical" WNT ligand whose dysregulation is observed in lung diseases such as idiopathic pulmonary fibrosis (IPF), chronic obstructive pulmonary disease (COPD) and asthma. Germline deletion of Wnt5a disrupts embryonic lung development. However, the temporal-specific function of WNT5a remains unknown. In this study, we generated a conditional loss-of-function mouse model (Wnt5a CAG ) and examined the specific role of Wnt5a during the saccular and alveolar phases of lung development. The lack of Wnt5a in the saccular phase blocked distal airway expansion and attenuated differentiation of endothelial and alveolar epithelial type I (AT1) cells and myofibroblasts. Postnatal Wnt5a inactivation disrupted alveologenesis, producing a phenotype resembling human bronchopulmonary dysplasia (BPD). Mutant lungs showed hypoalveolization, but endothelial and epithelial differentiation was unaffected. The major impact of Wnt5a inactivation on alveologenesis was on myofibroblast differentiation and migration, with reduced expression of key regulatory genes. These findings were validated in vitro using isolated lung fibroblasts. Conditional inactivation of the WNT5a receptors Ror1 and Ror2 in alveolar myofibroblasts recapitulated the Wnt5a CAG phenotype, demonstrating that myofibroblast defects are the major cause of arrested alveologenesis in Wnt5a CAG lungs. Finally, we show that WNT5a is reduced in human BPD lung samples, indicating the clinical relevance and potential role for WNT5a in pathogenesis of BPD.
Introduction
Structurally and functionally, the mammalian lung represents a remarkably complex and cellularly diverse organ. The primary architecture of the mouse lung as a highly branched structure is laid down during early embryonic days (E) 9.5 through E16.5 by branching morphogenesis. Subsequently, from E17.5 to postnatal day (PN) 4, structures known as saccules are formed that are predecessors of the final respiratory units or alveoli. Alveolar formation, or alveologenesis in the mouse lung occurs entirely in the postnatal period and is estimated to be complete by PN30 [1] . Biological events spanning the late saccular stage to postnatal alveologenesis are required for full maturation of the lung as an efficient gas exchange organ. While a wealth of information is currently available on mechanisms of early lung morphogenesis, our understanding of late embryonic development and postnatal alveologenesis remain surprisingly limited.
During the saccular phase of mouse lung development, distal airways in the lung undergo "expansion" to form saccules. Subsequently, the progenitors of AT1 (NKX2.1 pos HOPX pos ) and AT2 (NKX2.1 pos SFTPC pos ) cells begin to give rise to mature and functional AT1 (AQP5 pos PDPN pos ) and AT2 (SFTPB pos SFTPC pos ) cells [2] . Concurrently, the saccular walls undergo thinning as the capillary networks are established and surfactant production commences. A major event is the formation of structures known as secondary crests (SC), which on 2-dimensional images appear as protrusions into the saccular space [3] . Formation of SC is driven by mesodermally derived secondary crest myofibroblasts (SCMF), also known as alveolar myofibroblasts. Progenitors of SCMF express Pdgfra in the saccular phase and Atca2 in the alveolar phase of lung development [4] [5] [6] . As they differentiate, SCMF undergo directed migration to form the SC. Disruption of SCMF differentiation or migration leads to arrested alveologenesis [4, 5] . Differentiation of the latter cell types during late stage of lung development or lung maturation is associated with expression of several cell-type-specific genes, as listed in Table S1 .
WNT signaling is a critical regulator of normal lung morphogenesis, homeostasis and injury repair. WNT ligands can activate the beta-catenin-dependent (the canonical) or the alternative beta-catenin-independent (the non-canonical) pathways [7] . WNT5a, a predominantly non-canonical WNT ligand, is increasingly recognized as an important regulator of stem-cell renewal, cell migration, cell polarity and inflammatory responses [8, 9] . WNT5a expression is present in both epithelial and mesenchymal compartments during embryonic stages and is mainly in fibroblasts and endothelial cells in adult lungs [9] [10] [11] . Dysregulated WNT5a signaling is observed in many lung diseases, ranging from chronic obstructive pulmonary disease (COPD) [12] and idiopathic pulmonary fibrosis (UIP/IPF) [13] to asthma [14] . There are reliable data indicating that exquisitely regulated, temporal and cell-type-specific WNT5a signaling is a strict requirement for normal lung development. We and others have shown that lack of WNT5a activity is associated with abnormal branching of distal airways together with defects in capillaries and alveolar airspaces [10, 15] . Conversely, overexpression of Wnt5a in Sftpc-Wnt5a transgenic mice disrupts epithelial branching and lobe formation but the mice are postnatally viable, indicating no impact on lung function [16] . Importantly however, to date the role of Wnt5a in alveologenesis remains unclear.
ROR1 and ROR2 are tyrosine kinase receptors with functional redundancy [17] . Germline deletion of either Ror1 or Ror2 disrupts lung development [17] . Compound Ror1/Ror2 mutant mice present with a more severe, abnormal phenotype compared to single gene mutants, and are similar in phenotype to Wnt5a knockout mice [17, 18] . Both ROR1 and ROR2 mediate WNT5a signaling [18] [19] [20] [21] . In compound transgenic lungs, inactivation of Ror1 and Ror2 blocks the lung phenotype caused by overexpression of Wnt5a in Sftpc-Wnt5a mice [21] .
In this study, we generated a number of conditional Wnt5a loss-of-function genetic models to elucidate the precise function of Wnt5a during specific late stages of lung development. We found that differentiation of multiple cell types was disrupted by conditional Wnt5a inactivation in the saccular phase. In contrast, conditional Wnt5a inactivation in the alveolar phase had no impact on epithelial cell differentiation, but interrupted differentiation and migration of the mesodermally derived SCMF, leading to defective alveolar formation. Finally, conditional inactivation of the WNT5a receptors Ror1 and Ror2 in SCMF also resulted in a similar arrested alveologenesis phenotype, validating our findings on the role of WNT5a signaling during the critical phase of alveolar formation. 
Materials and Methods

Mouse Breeding and Genotyping
All animals were maintained and housed in pathogen-free conditions at constant room temperature (20-22 • C), with a 12 h light/dark cycle, and free access to water and food in the animal facility of University of Southern California, according to a protocol approved by the USC Institutional Animal Care and Use Committee (IACUC) (Los Angeles, CA, USA). CAG-cre ER ;Rosa26 mTmG ;Wnt5a f/f (Wnt5a CAG ) mice were generated by breeding CAG-cre ER mice (Tg(CAG-cre/Esr1*)5Amc/J, The Jackson Laboratory) and Rosa26 mTmG (Gt(ROSA)26Sor tm4(ACTB-tdTomato,-EGFP)Luo /J, The Jackson Laboratory) mice with Wnt5a f/f mice [22] . Gli1-cre ERT2 ;Rosa26 mTmG mice (mTmG Gli ) were generated by breeding Gli1-cre ERT2 [23] and Rosa26 mTmG mice. Gli1-cre ERT2 ;Rosa26 mTmG ;Ror1 f/f ;Ror2 f/f (Ror Gli;GFP ) mice were generated by breeding mTmG Gli mice with the Ror1 f/f ;Ror2 f/f mice [18] .
Genotyping of the transgenic mice was performed by PCR with genomic DNA isolated from mouse tails. The forward (F) and reverse primers (R) for transgenic mouse genotyping are listed below.
CAG-cre ER : (forward) 5'-TAAAGATATCTCACGTACTGACGGTG-3' and (reverse) 5'-TCTCT GACCAGAGTCATCCTTAGC-3'.
Gli1-cre ERT2 : (forward) 5'-TAA AGA TAT CTC ACG TAC TGA CGG TG-3' and (reverse) 5'-TCT CTG ACC AGA GTC ATC CTT AGC-3'.
Wnt5a f/f : (Forward) 5'-TGAGGGACTGGAAGTTGCAGG-3', and (Reverse) 5'-TTCCAATGGG CTTCTGGAGAG-3'.
Ror1 f/f : (Forward) 5'-CGTTTTCCTCCTGCTCACAGG-3', and (Reverse) 5'-GCAGACCTGGTGAA TTCTACCTCAG-3'.
Ror2 f/f : (Forward) 5'-CATGGCCACATCCATACCGAG-3', and (Reverse) 5'-CCGGCGAGCGTGCT TAGATAGCCC-3'.
Tamoxifen Administration
For embryonic studies, tamoxifen (Sigma, 40mg/mL in peanut oil) was administered by oral gavage to pregnant females from E14 to E17 (2.4 mg each mouse, one dose per day). Embryonic lungs were collected at E18. For neonatal studies, tamoxifen (8mg/mL in peanut oil) was administered by oral gavage to neonates at postnatal day 2 (P2, 400 µg each pup) with a plastic feeding needle (Instech Laboratories, PA). Neonatal lungs were collected between P12 and P13 for morphological, immunohistochemical and molecular biological analyses.
Human Neonatal Lung Samples
Human lung tissue samples were obtained postmortem by expedited autopsy of preterm infants having the diagnoses of mild RDS, evolving and established BPD as well as term infants as controls (no lung disease). Consented collection and processing of the lung samples as from the deceased were approved by the University of Rochester Institutional Review Board. Selected clinical and recovery details have been previously published [24] .
Immunofluorescent Staining
Immunofluorescent staining was conducted as previously described [25] using paraffin-embedded lung sections. In brief, five micrometer (µm) tissue sections were deparaffinized, rehydrated and subjected to antigen retrieval. After blocking with normal serum, the sections were probed with primary antibodies at 4 • C overnight. Combinations of fluorescein anti-mouse and Cy3 anti-rabbit or anti-goat IgG secondary antibodies (Jackson ImmunoResearch Laboratories, ING) were applied to detect specific primary antibodies. Nuclei were counterstained with 4 ,6-diamidino-2-phenylindole (DAPI). Primary antibodies used are listed in Table S3 .
Neonatal Lung Fibroblast Isolation, Treatment and Migration Assay
P5 neonatal lungs of Wnt5a CAG mice and littermate controls were dissected in HBSS (GIBCO24020-117), inflated with Dispase and digested by continuous shaking in Dispase at 37 • C for 15 min. Lung lobes were then isolated, cut into small pieces, transferred into Miltenyi tubes in 5 mL HBSS and dissociated with a gentle MACS dissociator (Miltenyi Biotec. Inc., San Diego, CA, USA). After filtering through 40 µm cell strainers, the dissociated cells were collected by centrifugation at 1200 rpm for 5 min and resuspended in DMEM containing 10% FBS. The cells were then plated in cell-culture plates and incubated at 37 • C with 5% CO 2 for 1 h. After removing floating cells, the attached fibroblasts were washed with PBS and cultured in fresh medium. Loosely attached cells were removed by repeated washes within 20 h of culture. The purity of the fibroblasts isolated under this condition was examined by using the Pdgfra-EGFP model, which expresses enhanced GFP under the control of an endogenous Pdgfra promoter [26] . Approximately 90% of the attached cells were GFP positive 20 h after cell isolation. When the cells grew to near confluence, they were trypsinized and stored in 10% DMSO (DMEM + 10% FBS + 10% DMSO) in liquid nitrogen for future use. For the cell migration assay, cells grown in culture flasks (ThermoFisher Scientific, Waltham, MA, USA) were treated with tamoxifen (1.5 µg/mL) for 24 h, and then re-plated (1 × 10 5 cells per Transwell) onto 12 µm Transwell membranes (MiliporeSigma, Burlington, MA, USA) and cultured in DMEM containing 1% FBS inside and 10% FBS outside the Transwell insert. After 24 h, the cells were fixed in 4% formaldehyde, washed with PBS and stained with crystal violet. The cells on the upper side of the membrane were cleaned with a cotton swab and the cells that migrated to the lower side of the Transwell membrane were imaged and counted.
Real-time Quantitative Polymerase Chain Reaction (real-time RT-PCR)
Neonatal mouse lung fibroblasts were isolated and cultured as described above (Section 2.5). 1.5x10 5 cells were plated onto a 12-well culture plate until they grew to near confluence. The cells were treated with tamoxifen (1.5 µg/mL) for 24 h and then collected for RNA isolation with TRIzol reagent (ThermoFisher Scientific, MA, USA). cDNA was synthesized with an EasyScript Plus cDNA synthesis kit according to the manufacturer's protocol (Lamda Biotech Inc., Ballwin, MO, USA). Expression of selected genes was quantified by real-time RT-PCR using a LightCycler with LightCycler Fast Start DNA Master SYBR Green I Kit (Roche Applied Sciences, Indianapolis, IN, USA) as previously described [16] . Each reaction contained 3 µL of FastStart SYBR green reaction mix plus enzyme, 2.5 µM of primers and 0.5 µL of cDNA in a total volume of 20 µL. The running protocol consisted of four steps, including 1) denaturation at 95 • C for 6 min; 2) amplification and quantification under 95 • C for 0-10 s, 62 • C for 15 s and 72 • C for 20 s for 45 cycles; 3) melting curve program, where the reaction temperature rapidly increases to 95 • C, then decreases to 60 • C for 15 s, followed by a slow increase to 98 • C at a rate of 0.1 • C per s with continuous fluorescence monitoring; and 4) cooling to 40 • C. Reaction conditions were optimized to create a one-peak melting curve. The ∆∆Ct method was used to calculate relative ratios of a target gene mRNA in mutant lungs compared to littermate control lungs. TBP (TATA-Box Binding Protein) was used as the reference gene. Primers for real-time RT-PCR were designed using the program of the Universal ProbeLibrary Assay Design Center from Roche Applied Sciences (IN). Sequences of the primers are listed in Table S4 .
Statistics Analysis
At least three biologically independent control and mutant lungs were used for each morphometric analysis and real-time RT-PCR analyses. Five to six images (10× magnification) from each lung were used to manually count MLI. Quantitative data are presented as mean values ± the standard error of the mean. p values were calculated by two-tailed Student's t tests.
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Results
WNT5a is Required for Differentiation of Multiple Cell Types During Saccular Stage Lung Development
We previously reported that germline deletion of Wnt5a (Wnt5a -/-) disrupts development of saccular stage lungs [10] . However, whether the lung saccular defects (E18) were secondary consequences of defects that may have occurred during branching morphogenesis was not addressed. In the present study, we generated a regulatable (conditional) triple transgenic mouse model, CAG-cre ER ;Wnt5a f/f ;Rosa26 mTmG , referred to as Wnt5a CAG (see Materials and Methods) to target Wnt5a globally upon activation of CAG-cre ER by administration of tamoxifen. To assess the impact of Wnt5a inactivation during the saccular stage of lung development, pregnant Wnt5a f/f ;Rosa26 mTmG female mice, mated with Wnt5a CAG males, received tamoxifen orally from E14 to E17 ( Figure 1 ). The embryos and the isolated lungs were analyzed at E18. As shown in Figure 1 , Wnt5a f/f ;Rosa26 mTmG control (Panels A and B) embryos showed a normal morphology, and Wnt5a CAG littermate embryos (Panels C and D) were similar to control embryos with the exception of minor craniofacial differences (i.e., mouth) ( Figure S1 ). In contrast, the germline Wnt5a -/embryos ( Figure 1 , Panel E) are profoundly abnormal with truncation of multiple structures, including limbs, tail and mouth [27] . Further analysis showed that compared to Wnt5a f/f ;Rosa26 mTmG controls (Panels F and G), gross morphology of the littermate Wnt5a CAG lungs was unaffected by a lack of WNT5a signaling during the saccular phase of lung development (Panels H and I). In contrast, germline Wnt5a -/lung lobes were clearly deformed (Panel J) [10] . Histological analysis using hematoxylin and eosin (H&E)-stained multiple lung sections showed that Wnt5a f/f ;Rosa26 mTmG control lungs (Panel K) are composed of uniformly organized and expanded saccular structures, while the Wnt5a CAG lungs are heterogenous and consist of both areas of expanded (i.e., sacculi) as well as unexpanded airspace (Figure 1 , Panel L). The germline Wnt5a -/lungs contained nearly uniformly unexpanded airspace (Figure 1 , Panel M). The phenotypic differences between the control and Wnt5a CAG lungs were further illustrated by immunostaining for GFP and AT1 cell marker PDPN (Figure 1 , Panels N-S).
Our previous analysis found that AT1 cell differentiation was reduced in Wnt5a -/lungs [28] . The saccular phase is the critical time period during which major decisions on establishment of AT1 and AT2 cell lineages as well as differentiation of various mesodermally derived cells take place. We therefore used our conditional Wnt5a CAG mice in combination with lineage-specific markers for AT1, AT2 and endothelial cells, as well as for myofibroblasts (Table S1 ) to determine the role of WNT5a specifically during the saccular phase of lung development. As shown in Figure 2 , conditional Wnt5a inactivation in Wnt5a CAG embryos during the E14→E17 saccular transition period decreased expression of multiple AT1 (Cav, Emp2, Hopx, Rage and Rtkn2), but not AT2 cell markers. This indicates that differentiation of AT1 cells, which are derived from NKX2.1 pos HOPX pos AT1 progenitors is exquisitely sensitive to loss of WNT5a signaling. In the endothelial lineage, multiple markers were decreased in the mutant lungs (Cd31, Emcn and Tek). In addition, many genes related to myofibroblast cell differentiation and function were significantly decreased in Wnt5a CAG lungs. Therefore, Wnt5a signaling is a critical regulator of differentiation for multiple cell types during the saccular phase of lung development. Our previous analysis found that AT1 cell differentiation was reduced in Wnt5a -/-lungs [28] . The saccular phase is the critical time period during which major decisions on establishment of AT1 and AT2 cell lineages as well as differentiation of various mesodermally derived cells take place. We therefore used our conditional Wnt5a CAG mice in combination with lineage-specific markers for AT1, AT2 and endothelial cells, as well as for myofibroblasts (Table S1 ) to determine the role of WNT5a specifically during the saccular phase of lung development. As shown in Figure 2 , conditional Wnt5a inactivation in Wnt5a CAG embryos during the E14E17 saccular transition period decreased expression of multiple AT1 (Cav, Emp2, Hopx, Rage and Rtkn2), but not AT2 cell markers. This indicates that differentiation of AT1 cells, which are derived from NKX2.1 pos HOPX pos AT1 progenitors is exquisitely sensitive to loss of WNT5a signaling. In the endothelial lineage, multiple markers were decreased in the mutant lungs (Cd31, Emcn and Tek). In addition, many genes related to myofibroblast cell differentiation and function were significantly decreased in Wnt5a CAG lungs. Therefore, Wnt5a signaling is a critical regulator of differentiation for multiple cell types during the saccular phase of lung development. 
WNT5a is Required for Myofibroblast Differentiation and Migration During Alveolar Stage Lung Development
Because germline Wnt5a -/-mice do not survive postnatally, the role of WNT5a in alveolar formation has remained unknown. To address this issue, we conditionally inactivated Wnt5a globally at the onset of postnatal alveolar development in Wnt5a CAG mice by administering tamoxifen on postnatal day 2 (P2). P2 inactivation of Wnt5a disrupted alveologenesis resulting in enlarged alveolar structures, reminiscent of a phenotype characteristic of the human neonatal chronic lung disease known as bronchopulmonary dysplasia (BPD). Morphometric quantification showed a significantly increased mean linear intercept, MLI, a measure of alveolar dimensions [29, 30] . Analysis of cell differentiation showed no changes in expression of endothelial markers (Figure 3 ), nor in AT1 and AT2 cell markers ( Figure 4 ). To determine whether the relative proportion of AT1 and AT2 cells was altered, we analyzed lung tissue immunostained for AT1 (HOPX) and AT2 (SFTPC) cell markers ( Figure 4 ). The relative ratio of HOPX pos cells over total DAPI pos cells was not significantly altered in the Wnt5a CAG lungs (Control: 6.5% ± 1.1%; Mutant: 5.9% ± 1.0%, p = 0.69). Similarly, no significant 
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RORs are Essential for Myofibroblast Migration During Alveolar Stage Lung Development
The sum of the above observations indicates that myofibroblasts are a major target of WNT5a signaling and suggest that defects in this cell lineage may be the major cause of abnormal alveologenesis in Wnt5a CAG lungs. To test this potential mechanism, we blocked WNT5a signaling by targeting its receptors Ror1 and Ror2 in SCMF using Gli1-cre ERT2 . Previously we showed that Gli1-cre ERT2 targets SCMF during mouse alveologenesis [6, 25, 31] . We therefore generated mice with the compound genotype, Gli1-cre ERT2 ;Rosa26 mTmG ;Ror1 f/f ;Ror2 f/f (Ror Gli;GFP ) and activated the Gli1-cre ERT2 by tamoxifen on P2. Lungs from Ror Gli;GFP and Rosa26 mTmG ;Ror1 f/f ;Ror2 f/f control neonatal mice were characterized on P13 (Figure 7) . Postnatal inactivation of Ror1 and Ror2 in SCMF resulted in a phenotype nearly identical to that of postnatal Wnt5a inactivation in Wnt5a CAG mice. Characterization of Ror Gli;GFP lungs showed profound enlargement of alveoli, indicating disruption of alveolar formation. To determine the impact of Ror inactivation in the Gli1-cre ERT2 targeted cells, we conducted double immunostaining for GFP and ACTA2 in Ror Gli;GFP and Gli1-cre ERT2 ;Rosa26 mTmG (mTmG Gli , control) lungs. Consistent with our previous observations, Gli1-cre ERT2 labeled mainly SCMF that are scattered within the alveolar region and are ACTA2 pos at this time point. The majority of GFP pos cells in the control lungs were localized to the tip of the SC. In Ror Gli;GFP lungs, the majority of GFP pos cells were still localized within the primary septa, indicating that lack of Ror1 and Ror2 decreased myofibroblast cell migration in the Ror Gli;GFP lungs. Consistent with this conclusion, expression of the myofibroblast genes Des (0.76 ± 0.02, p < 0.05) and Fbln1 (0.74 ± 0.06, p = 0.05) and cell migration genes Actc1 (0.66 ± 0.10, p = 0.07), Bmp2 (0.68 ± 0.12, p = 0.11) and Lum (0.68 ± 0.03, p < 0.05) were collectively decreased in the Ror Gli;GFP lungs. Thus, signaling thru ROR1/ROR2, the cognate WNT5a receptors is required for normal migration of SCMF and the process of alveologenesis.
Relevance to Human Neonatal Lung Disease
Both Wnt5a CAG and Ror Gli;GFP lungs represent a phenotype of arrested alveologenesis similar to the histological characteristic of human BPD. Expression or disruption of WNT5a in BPD lungs has not been previously reported. Therefore, to ascertain the relevance of our findings in the mouse to human BPD, we determined the expression of WNT5a in lungs of human patients who died with BPD. As shown in Figure 8 , WNT5a was significantly lower in the BPD lungs (# 11, #14, #17, #18, #44) as compared to lungs from the non-BPD patients (#30, #50, #52, #56) who died due to non-pulmonary causes. No significant difference was observed in ROR1 and ROR2 expression. 
Discussions
Late lung development that encompasses the periods of saccular and alveolar development are especially important as they include the cellular and molecular processes required for lung functional maturation as an efficient gas exchange organ at birth and throughout life. The role of WNT5a, a noncanonical WNT, in late lung development is unknown. In the present study, we generated and utilized conditional loss-of-function genetic models to examine the temporal-specific role of WNT5a in the saccular and alveolar phases of lung development. We demonstrate that finely tuned regulation of WNT5a is critical for both structural and cellular differentiation in the lung. In the saccular phase, WNT5a regulates differentiation of both mesodermal and epithelial lineages. Most importantly, we found that in the alveologenesis phase, inactivation of Wnt5a interrupts alveolar formation by disrupting differentiation and migration of the key mesodermally derived SCMF. The significance and relevance of these findings are highlighted by the fact that alveolar defects are a hallmark of many human neonatal and adult lung diseases.
The key findings of the present study are that WNT5a regulation of late lung development is stage and cell-type specific. Conditional inactivation of Wnt5a in the saccular phase resulted in defects in structural development of the lung that appeared to be caused by failure in distal airway expansion (Figure 1 ). This is reminiscent of our previously reported results using a conventional germline Wnt5a loss-of-function model [10] . In the saccular model, we also found significantly reduced AT1 cell differentiation. Five of the seven tested AT1 cell markers were significantly decreased in the Wnt5a CAG lungs (Figure 2 ), reflecting an important role of WNT5a in AT1 cell differentiation during the saccular phase of lung development. Interestingly, expression of most AT1cell markers was not significantly affected by Wnt5a inactivation during alveologenesis (Figure 4 ), suggesting that the role of WNT5a in AT1 cell differentiation may be stage dependent. During the saccular phase of lung development, AT1 progenitors (NKX2.1 pos HOPX pos ) and AT2 progenitors (NKX2.1 pos SFTPC pos ) begin to give rise to mature AT1 and AT2 cells, respectively [2] . As lung development enters the alveolar phase, a subpopulation of AT2 cells maintains progenitor properties. These alveolar epithelial progenitors (AEP) are SFTPC pos AXIN2 pos and are capable of self-renewal or differentiation into mature AT1 and 
Late lung development that encompasses the periods of saccular and alveolar development are especially important as they include the cellular and molecular processes required for lung functional maturation as an efficient gas exchange organ at birth and throughout life. The role of WNT5a, a non-canonical WNT, in late lung development is unknown. In the present study, we generated and utilized conditional loss-of-function genetic models to examine the temporal-specific role of WNT5a in the saccular and alveolar phases of lung development. We demonstrate that finely tuned regulation of WNT5a is critical for both structural and cellular differentiation in the lung. In the saccular phase, WNT5a regulates differentiation of both mesodermal and epithelial lineages. Most importantly, we found that in the alveologenesis phase, inactivation of Wnt5a interrupts alveolar formation by disrupting differentiation and migration of the key mesodermally derived SCMF. The significance and relevance of these findings are highlighted by the fact that alveolar defects are a hallmark of many human neonatal and adult lung diseases.
The key findings of the present study are that WNT5a regulation of late lung development is stage and cell-type specific. Conditional inactivation of Wnt5a in the saccular phase resulted in defects in structural development of the lung that appeared to be caused by failure in distal airway expansion (Figure 1 ). This is reminiscent of our previously reported results using a conventional germline Wnt5a loss-of-function model [10] . In the saccular model, we also found significantly reduced AT1 cell differentiation. Five of the seven tested AT1 cell markers were significantly decreased in the Wnt5a CAG lungs (Figure 2 ), reflecting an important role of WNT5a in AT1 cell differentiation during the saccular phase of lung development. Interestingly, expression of most AT1cell markers was not significantly affected by Wnt5a inactivation during alveologenesis (Figure 4 ), suggesting that the role of WNT5a in AT1 cell differentiation may be stage dependent. During the saccular phase of lung development, AT1 progenitors (NKX2.1 pos HOPX pos ) and AT2 progenitors (NKX2.1 pos SFTPC pos ) begin to give rise to mature AT1 and AT2 cells, respectively [2] . As lung development enters the alveolar phase, a subpopulation of AT2 cells maintains progenitor properties. These alveolar epithelial progenitors (AEP) are SFTPC pos AXIN2 pos and are capable of self-renewal or differentiation into mature AT1 and AT2 cells [32] . Results from the current study demonstrate that it is the saccular phase events, which are exquisitely sensitive to lack of WNT5a signaling ( Figure 9 ). Interestingly, in adult lungs Wnt5a is expressed in the AT2 stem-cell niche (Axin2 pos AT2 cells), indicating a potential role for WNT5a in AT2 stem-cell maintenance [9] . Deletion of Wnt5a with Tbx4 LME -cre was shown to moderately reduce AT2 stem cells but the reduction was not significant [9] . Recently Wu and colleagues showed that WNT5a represses the growth of alveolar epithelial progenitors in both lung-slice and organoid cultures [33] . Collectively, these data demonstrate a stage-dependent functional importance of WNT5a in lung development and stem-cell maintenance. AT2 cells [32] . Results from the current study demonstrate that it is the saccular phase events, which are exquisitely sensitive to lack of WNT5a signaling ( Figure 9 ). Interestingly, in adult lungs Wnt5a is expressed in the AT2 stem-cell niche (Axin2 pos AT2 cells), indicating a potential role for WNT5a in AT2 stem-cell maintenance [9] . Deletion of Wnt5a with Tbx4 LME -cre was shown to moderately reduce AT2 stem cells but the reduction was not significant [9] . Recently Wu and colleagues showed that WNT5a represses the growth of alveolar epithelial progenitors in both lung-slice and organoid cultures [33] . Collectively, these data demonstrate a stage-dependent functional importance of WNT5a in lung development and stem-cell maintenance. The present study revealed that differentiation and morphogenesis of mesodermally derived cells are also sensitive to lack of WNT5a signaling in a temporally specific manner. Wnt5a inactivation reduced endothelial markers only in the saccular stage, but not during alveologenesis. Formation of capillary networks, which commences during the saccular phase, is regulated by the interaction between endothelial cells and pericytes. A recent study demonstrated that WNT5a from endothelial cells is important for pericyte recruitment [11] . Interestingly, our present study showed that expression of the pericyte marker Pdgfrb was reduced by Wnt5a inactivation during both the saccular and alveolar phases of lung development. Abnormal capillary distribution was also found in the germline deletion model of Wnt5a [10] . A number of previous studies have demonstrated that WNT5a induces endothelial cell migration through non-canonical WNT signaling pathways [15, 34, 35] .
The major impact of Wnt5a inactivation during alveologenesis is on myofibroblast differentiation. As shown in Figure 5 , multiple myofibroblast markers that included Acta2, Tagln, Des, Dbn1, Tgfbi and Fbln1 were reduced in neonatal Wnt5a CAG lungs. In contrast, markers for other fibroblast cell types, such as lipofibroblasts (Adrp), was not significantly altered. This indicates that myofibroblasts are a major target of WNT5a signaling during alveologenesis, and Wnt5a deficiency disrupts their differentiation and migration. A key myofibroblast cell type with a critical role in alveologenesis is SCMF. In support of our findings, we found that blocking WNT5a signaling via targeting its receptors, Ror and Ror2, in SCMF (Figure 7) arrested alveologenesis. While the expression of myofibroblast markers was only moderately reduced in the Ror Gli;GFP lungs (Figure 7) , this is likely because Gli1cre ERT2 does not target all ACTA2 pos myofibroblasts (Figure 7 , Panels D-F). Targeting Rors in SCMF also did not completely inhibit their differentiation, as some of the GFP pos cells were still The present study revealed that differentiation and morphogenesis of mesodermally derived cells are also sensitive to lack of WNT5a signaling in a temporally specific manner. Wnt5a inactivation reduced endothelial markers only in the saccular stage, but not during alveologenesis. Formation of capillary networks, which commences during the saccular phase, is regulated by the interaction between endothelial cells and pericytes. A recent study demonstrated that WNT5a from endothelial cells is important for pericyte recruitment [11] . Interestingly, our present study showed that expression of the pericyte marker Pdgfrb was reduced by Wnt5a inactivation during both the saccular and alveolar phases of lung development. Abnormal capillary distribution was also found in the germline deletion model of Wnt5a [10] . A number of previous studies have demonstrated that WNT5a induces endothelial cell migration through non-canonical WNT signaling pathways [15, 34, 35] .
The major impact of Wnt5a inactivation during alveologenesis is on myofibroblast differentiation. As shown in Figure 5 , multiple myofibroblast markers that included Acta2, Tagln, Des, Dbn1, Tgfbi and Fbln1 were reduced in neonatal Wnt5a CAG lungs. In contrast, markers for other fibroblast cell types, such as lipofibroblasts (Adrp), was not significantly altered. This indicates that myofibroblasts are a major target of WNT5a signaling during alveologenesis, and Wnt5a deficiency disrupts their differentiation and migration. A key myofibroblast cell type with a critical role in alveologenesis is SCMF. In support of our findings, we found that blocking WNT5a signaling via targeting its receptors, Ror and Ror2, in SCMF (Figure 7) arrested alveologenesis. While the expression of myofibroblast markers was only moderately reduced in the Ror Gli;GFP lungs (Figure 7) , this is likely because Gli1cre ERT2 does not target all ACTA2 pos myofibroblasts (Figure 7 , Panels D-F). Targeting Rors in SCMF also did not completely inhibit their differentiation, as some of the GFP pos cells were still positive for ACTA2.
Nevertheless, because of the critical role of SCMF, this level of gene-targeting was sufficient to cause a significant defect in alveologenesis, indicating the importance of WNT5a-ROR signaling in SCMF function during neonatal lung development.
Our recent study demonstrated that PDGFRa-mediated elastogenesis is important for lung maturation [25] . However, we found no evidence by RNA-seq analysis for alterations in Wnt5a expression in Pdgfra mutant SCMF. In addition, Pdgfra expression was not reduced in the Wnt5a CAG lungs ( Figure 5 ). This indicates that PDGFRa signaling and WNT5a signaling may regulate alveologenesis via separate pathways. Interestingly, inactivation of Wnt5a, Ror1 and Ror2, as well as Pdgfra all decreased the elastogenic gene Fbln1 (Figures 5 and 7 ) [25] , indicating that the two pathways may cross-talk over key mediators of alveologenesis, such as Fbln1.
BPD is a morbid and sometimes lethal chronic lung disease in human prematurely born neonates [36] . Histological analysis of lung tissue from infants who died with BPD is consistent with a morphology characteristic of arrested alveolar formation [37] . While a number of molecules have been associated with BPD, causative factors in its pathogenesis remain unknown. A key reason is paucity of data on mechanisms of alveolar formation. The findings of the present study show that WNT5a is causally related to alveologenesis, the process that is arrested in human BPD. To examine the clinical relevance of the mouse findings, we show that WNT5a is also reduced in human BPD lung samples. While expression or the potential role of WNT5a in BPD has not been directly elucidated, multiple studies reported elevated nuclear β-catenin in both rodent hyperoxia BPD-phenocopy models and human BPD tissue [38, 39] . Moreover, it has been shown that neonatal hyperoxia increases nuclear β-catenin and decreases AT2 to AT1 cell differentiation [40] . WNT5a inhibits β-catenin-mediated WNT signaling [6, 12, 28, 33] . Thus, it is likely that reduced levels of WNT5a may contribute to increased canonical WNT signaling and pathogenesis of BPD.
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